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Functional Characterization of the Enhancer Blocking 
Element of the Sea Urchin Early Histone Gene Cluster 
Reveals Insulator Properties and Three Essential 
c/s-acting Sequences 

Raffaella MelfP.t* Franco Palla 2 |, Paola Di Simone 1 
Claudia Alessandro 1 , Larissa Call 2 , Letizia Anello 2 
and Giovanni Spinelli 1 * 

Insulator elements can be functionally identified by their ability to shield 
promoters from regulators in a position-dependent manner or their abil- 
ity to protect adjacent transgenes from position effects. We have pre- 
viously reported the identification of a 265 bp sns DNA fragment at the 
3' end of the sea urchin H2A early histone gene that blocked expression 
of a reporter gene in transgenic embryos when placed between the 
enhancer and the promoter. Here we show that sns interferes with enhan- 
cer-promoter interaction in a directional manner. When sns is placed 
between the H2A modulator and the inducible tet operator, the modu- 
lator is barred from interaction with the basal promoter. However, the Ut 
activator (tTA) can still activate the promoter, even in the presence of 
sns, demonstrating that sns does not interfere with activity of a down- 
stream enhancer. lit addition, the H2A modulator can still drive 
expression of a divergently oriented transcription unit, suggesting that 
sns does not inhibit binding of transcription factor^) to the enhancer. To 
identify ris-acting sequence elements within sns which are responsible for 
insulator activity, we have performed in vitro DNase I footprinting and 
EMSA analysts, and in vivo functional assays by microinjection into sea 
urchin embryos. We have identified three binding sites for protein com- 
plexes: a palindrome, a direct repeat, and a C + T sequence that corre- 
sponds to seven GAGA motifs on the transcribed strand* Insulator 
function requires all three cis-acting elements. Based on these results, we 
conclude that sns displays properties similar to the best characterized 
insulators and suggest that directional blocking of enhancer-activated 
transcription by sns depends on the assembly of distinct DNA-protein 
complexes. 
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Introduction 

Proper temporal and spatial regulation of gene 
expression requires the orderly and efficient inter- 
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action of transcription factors with their cognate 
sites. The elucidation of how this might occur is 
one of the major challenges in molecular biology. If 
transcription units are organized into independent 
functional domains, enhancers could activate tran- 
scription from a promoter within the same domain 
but would be restrained from interacting with pro- 
moters in external domains. Insulators seem to be 
involved in 'the organization of the eukaryotk gen- 
ome into domains of gene expression. 1 ~* Insulators 
have been identified because they interfere with 
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enhancer-promoter communication only when 
positioned between them; for this reason they are 
generally called enhancer blocking elements. 
Although mechanisms by which these elements 
function in the normal context are not fully under- 
stood, it is thought that binding of chromosomal 
proteins to specific insulator sequences and sub- 
sequent protein-protein interactions can direction- 
ally restrict enhancer activity (for recent reviews 
see: 5 ^). The best characterized of these enhancer 
blocking elements are the DrosphiK scs, scs* and 
gypsy elements/ -10 and the chicken H54 
insulator, 1142 In addition to enhancer blocking 
activity, insulators can protect a transgene from 
chromosomal position effects when placed in 
flanking positions- However, only the chicken 
HS4 13 - 1 * and the Drosphiln, gypsy 15 elements seem 
to confer a barrier which prevents heterochromatin 
from spreading. Gypsy elements can also buffer a 
promoter from the silencing effect of the polycomb 
responsive element (PRE). Elements which coun- 
teract silencing and act as heterochromatin bound- 
aries have also been identified in yeast. 17 " 19 
However, it is not known whether the yeast 
elements can also act as insulators of enhancer 
activity or display only chromatin boundary 
functions. 50 

Insulator DNA elements seem to be present in 
the tandemly repeated sea urchin early histone 
genes. The five early histone genes are expressed 
coordinately after meiotic maturation of the egg, 
and in early cleavage embryos until the bias tula 
stage. 21 Although there is a single enhancer within 
the histone repeat unit, the 30 bp modulator of the 
H2A gene 22 - 23 each gene within the repeat is appar- 
ently regulated by gene-specific transcriptional 
elements.. 24 " 26 From this observation, we hypoth- 
esized that there might be chromosomal elements 
which would direct and restrict H2A modulator 
function to its cognate H2A promoter. Sub- 
sequently, we identified a 265 bp sequence at the 
3' end of the H2A early histone gene (see map in 
Figure 1), that, in microinjected sea urchin 
embryos, showed a blocking activity when placed 
between the enhancer and the promoter. We 
termed this sequence silencing nucleoprotein struc- 
ture (sns). Although proof of the directionality of 
enhancer blocking activity was lacking, experimen- 
tal evidence suggested that sns is an insulator of 
enhancer function rather than a general repressor 
of transcription, sns blocked enhancer-promoter 
interaction only when interposed, in either orien- 
tation, between a multiple array of the H2A modu- 
lator/enhancer and the basal thymidine kinase (tk) 
promoter. No other position influenced transgene 
expression. Furthermore, sns interfered with 
enhancer function but not with the activity of the 
basal promoter, in that it mantained the capacity to 
silence transgene expression when it was placed at 
a distance of 2,7 kb from the promoter. 26 Interest- 
ingly, our results suggested evolutionary conserva- 
tion of enhancer blocking mechanisms, as sns was 
able to shield promoters from viral enhancers in 




Figure 1. Map of the H2A transcription unit CCAAT 
(CBF), modulator (MRF), putative GAGA factor binding 
sites in the H2A promoter, and the transcription start 
site are indicated. The $n$ fragment spanning from the 
HpdR to the Soi&AI restriction sites starts 14 nucleotides 
upstream of the stop codon of the H2A gene and resides 
in a region where three micrococcal nudease hypersensi- 
tive sites (vertical duck arrows) appear at gasirula 
stages. 27 



transient and stably transfected human cell lines, 
as well as m Xtnopus toevis oocytes 28 (unpublished 
observations}. 

Here we have further characterized the proper- 
ties of the sea urchin sns DNA fragment. We pre- 
sent evidence demonstrating that Sns, as in the case 
of the best characterized insulators, affects only 
enhancers located dis tally from the promoter and 
displays a directionality in enhancer blocking 
activity. In addition, we report the identification of 
three protein binding sites within sns that, as 
demonstrated by functional assays in transgenic 
sea urchin embryos, are collectively required for 
insulator activity. 

Results 

sns interferes with enhancer function in a 
directional manner 

Utilizing KNase protection assays, we previously 
demonstrated the ability of sns to inhibit enhancer- 
activated expression of a transgene in microin- 
jected sea urchin embryos only when interposed 
between an array of the H2A modulator/erthancer 
and the tk promoter. 28 Because basal expression 
from tk or other viral promoters in sea urchin is 
negligible, effects on transcription were dramatic, 
with previously abundant transcript levels becom- 
ing undetectable. We have used the same approach 
to investigate whether sns evinces other behaviors 
expected of insulators. We placed sns between two 
enhancers in a chloramphenicol-acetyl transferase 
(CAT) gene transcription unit (Figure 2(a), con- 
struct 2). As a distal enhancer, we used the 
sea urchin H2A modulator array, containing at 
least four binding sites for the MBF-1 
trans-activator; the proximal enhancer was the 
heptamerized tetracycline (tet ) operator. In HeLa 
cells, the tet operator is induced upon binding of 
the Tet repressor-VP16 activation domain chimera 
(tTA rnans-activator) and stimulates transcription of 
a reporter gene by several orders of magnitude. 29 
The tTA gene was placed under the control of the 
multiple modulator elements and the tit minimal 
promoter (construct A); This construct was coin- 
jectcd with the CAT reporter gene driven by the tet 
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Figure 2. Polar and directional effects of «ts on enhan- 
cer-promoter interaction, (a) Schematic representation of 
the mkroinjected pJasmids. Binding of the MBF and the 
tTA transactive tors, respectively, to the modulator and 
tet operator arrays is also indicated. Curved arrows 
refer to the activation of promoter by the bound factor; 
small arrows point to the transcription start site' 
(b) Total KNAs from microinjected embryos were pro- 
cessed to detect enhancer-activated transgene expression 
by RNase protection using antisense ^-labelled probes 
transcribed in vitro from the constructs illustrated beknv 
the gel images. Arrow* point to the 217 nucleotide CAT 
and 344 nucleotide CFP RNase-resistant fragments. 
tKNA was used as negative RNA control. The RNase 
digestion products and end labelled H/wll-digested 
pBhiesaipt DNA (M) were run on denaturing polyacryl- 
amide gete. Comjection of constructs 1 and A (lanes 1/ 
A) leads to CAT expression. In the absence of tTA, con- 
struct 2 is silent because the modulator is blocked by 
sns (lane 2). Comjection of constructs 2 and A (lane 2/ 
A) trans-activates CAT gene expression. Construct 3 
expresses the CAT transgene because the Ut operator 
does not interfere with the modulator (lane 3). Construct 
4, in the absence of tTA, expresses only the GFP trans- 
gene (lane 4); if coinjected with A both the CAT and the 
GFP reporter genes are trans-activated (lane 4/A). 
Hence, sns does hot block the binding of the transcrip- 
tion factors to the enhancers. 

' i 
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operator (construct 1). We predicted that 
expression of the tTA would elicit frans-activation 
of the transgene. As shown in Figure 2(b) (lane 
1/A) this was indeed the case. Next, we tested the 
constructs with two enhancers. As expected, con- 
struct 2 attaining sns between the MBF-1 andtTA 
binding sites was transcriptionally silent (lane 7), 
indicating that sns blocked the trans-activating 
function of the MBF-1 and that the tet operator 
was inactive in the absence of tTA. When the acti- 
vator expression plasmid (construct A) was coin- 
jected with construct 2, rnms-activation of the 
transgene occurred (lane 2/ A). The intensity of the 
CAT mRNA band detected in embryos injected 
with the two different plasmid combinations was 
almost identical (compare lane 1/A and 2/ A)/ 
suggesting that neither the modulator nor sns 
sequences affected the extent of activation by tTA. 
In addition, the tet operator sequences did not 
interfere with the enhancer activity of the modu- 
lator, as similar levels of transgene expression were 
detected in embryos injected with construct 3 (lane 
3). In summary, these experiments strongly suggest 
that sns, like chromatin Insulators, has the ability 
to block the distal enhancer from communicating 
with the promoter but has no influence on the 
proximal one, when situated between the two. 

We also investigated sns behavior in the context 
of a bidirectional transcription construct. A con- 
struct was made in which the modulator array and 
tet operator direct expression of two divergently 
transcribed reporter genes, encoding either CAT or 
green fluorescent protein (GFP). The sns sequence 
was inserted between the modulator and tet oper- 
ator (construct 4 in Figure 2(a)). RNase protection 
assays were performed with RNA extracted from 
h-ansgenic embryos, utilizing probes for both CAT 
and GFP in the same hybridisation reaction. Only 
CAT mRNA was detected in embryos microin- 
jected with constructs 1 and A (Figure 2(b), right 
panel lane 1/A). As expected, in the absence of 
the tTA activator, the CAT transgene was not 
expressed in embryos injected with the bidirec- 
tional transcription unit (lane 4), presumably 
because $ns interrupted the interactions between 
MBF-1 and the basal transcription apparatus. How- 
ever, sns did not restrain MBF-1 from activating 
the divergent GFP transcription unit (lane 4). 
Subsequently, expression of tTA allowed for fnms- 
activation of the CAT transcription unit (lane 4/A). 
From these results we conclude that sns blocks 
enhancer activity in a directional manner. 

In vitro binding of proteins to sns sequences 

To identify nuclear protein binding sites within 
sns, we performed DNase I footprint analysis and 
electrophoretic mobility shift assays (EMSA) with 
nuclear extracts from gastrula stage embryos. Two 
DNase I protected regions, defined as Box A and 
Box B, were mapped to both strands in the half 
of sns (Figure 3), The specificity of protein-DNA 
interaction was assessed by oligonucleotide compe- 
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Kgure 3. DNase I footpiinting of an end-labelled sns sub-fragment spanning from nucleotides 1 to 157. (a) Sense 
strand (left) and antisense strand (right) were incubated with either BSA (lanes-) or nuclear extracts from gastrufe 
stage embryos and digested with 5 ug of DNase I for three to five minutes on ice (lancs+). Digestion products were 
analyzed together with the cleavage products of the G + A sequence reaction on denaturing poryacrylamide gels, 
(b) Nucleotide sequence of the sns element Asterisks mark the stop codon of the H2A gene. Sequences of protected 
Box A and Box B are in black boxes- Arrows inside boxes point to the Box A inverted and direct repeats and to the 
Box B direct repeat Pyrrolidine stretches are ovcriined. 



tition experiments in EMSA- Figure 4 shows that 
both DNA-protein complexes were suppressed by 
an excess of unlabelled homologous probe, while 
they were not affected by an excess of unlabelled 
heterologous sequences. As indicated in the 
sequence shown in Figure 3(b) and in the drawing 
of Figure 4, Box A contains two notable sequence 
features: aC + A perfect direct repeat (DR), and 
immediately downstream the palindrome (1R) 
which is one of the £i*-acting elements involved in 

3' RNA processing. 30 Because the IR sequence 



alone competed as efficiently as the entire Box A, 
we conclude that the palindrome is the protein 
binding site within Box A. 

To search for further protein binding sites, we 
analyzed the pyrimidine stretch (C + T) at the 
3' end of sns sequences. This fragment contains 
14 TC repeats that in the bottom strand correspond 
to seven GAGA sequences. EMSA analysis with 
nuclear extracts demonstrated that the C + T rich 
fragment formed a predominant DNA-protein 
complex that was specifically competed by an 
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Figure 4. EMSA analysis of 
nuclear protein binding sites within 
sns. Hie three end labeled probes 
Box A, Box B and C + T, arc 
tmdedined in the schematic draw- - 
ing of the sns fragment DR and IR 
refer, respectively, to the direct 
repeat arid palindrome of Box A; 
white arrows in the Box B indicate 
a tandem repetition; (I€)14 refers 
to the 14 repetitions of the TC 
doublet The C + T fragment was 
obtained by PGR amplification. All 
other probes were obtained by 
annealing complementary oligonu- 
cleotides. In competition exper- 
iments, nuclear extracts were pre- 
incubated with an excess of 
unlabelied homologous or heter- 
ologous probes prior to the 
addition of 1 ng of the labelled 
probe. The amounts used were: 
100 ng for Box A (A) and Box B 
(B); 50ng and 100 ng for IK, DR, 
C+T, GAGA (the GA repeats 
located upstream the H2A modu- 
lator), and (TQ14. The DNA-pro- 
tein complexes were resolved by 
rx>lyacrylamide gel electrophoresis- 



excess of the homologous fragment (Figure 4), Of 
particular significance, protein binding was also 
specifically competed when nuclear extracts were 
p re-incubated either with an excess of a sequence 
containing four GAGA repeats, which is located 
upstream of the H2A modulator (see Figure 1), or 
with an oligonucleotide containing the 14 TC dmu- 
cleotkles found at the 3' end of the pyrimidine 
region (see sequence in Figure 3). The former com- 
petition was slightly less efficient, perhaps due to 
the presence of fewer (eight) TC dinucleotide 
repeats. These observations demonstrate the bind- 
ing of nuclear protcin(s) to GAGA sequences in sea 
urchin and suggest that a putative GAGA factor 
might contribute to the enhancer blocking function 
of sns. 



Deletion of either the Box A palindrome or the 
3' CT repeats abolishes sns Insulator function 

We used the enhancer blocking assay to test the 
effect of 5* and 3' deletions of the sns fragment on 
the expre^bion of a rransgene driven by the HlA 
modulator in transgenic sea urchin embryos. The 



sns deletion mutants shown in Figure 5(a) were 
cloned between multiple copies of the 30 bp modu- 
lator/enhancer of the H2A his tone gene and the tk 
promoter of the M30-CAT reporter plasmid 
(Figure 5(b)). Resulting constructs were micxoin- 
jected into sea urchin eggs, embryos raised till gas- 
trula stages and processed to deterrnine CAT 
rransgene expression by RNase protection analysis. 
Results depicted in Figure 5(c) are representative of 
several microirrjection experiments. In agreement 
with our previous reports, 2331 in the presence of 
one or several copies of the 30 bp histone H2A 
modulator sequence, transcriptional activation 
from the tk promoter occurs efficiently, as evi- 
denced .by abundant txansgene transcripts 
(figure 5(c), lanes 3, 9, 11). These M30-CAT Con- 
structs demonstrated once again the enhancer 
blocking function of the intact sns (lane 5). Del- 
etions from either the 5' or the 3* that remove Box 
A(A sns), or the pytirnidine rich sequence (AHI 
sns), respectively, impaired the blocking activity of 
sns (lanes 4 and 13). In fact, levels of CAT tran- 
scripts were comparable to the construct lacking 
shs (lanes 3 and 11). As expected, 5' deletions that 
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Figure 5. Functional activity of the sns deletion fragments- (a) Maps of sns and of the different deletion fragments 
assayed for enhancer blocking activity, (b) Schematic drawing of the micromjected plasmids. sns or the sns deletion 
fragments were inserted between the H2A modulator array and the tk promoter of M30-CAT to generate the M30- 
sns-CAT plasmids. (c) A ^P-labelled antisense CAT RNA (lane 1), transcribed m vitro from the H2A-IN5ERX-CAT 
was used to perform RNase protection assays on rnicroinjected embryos at gastrula stage. Eectrophoretic analysis of 
the RNase digestion products was carried out on denaturing poryacrylamWe gels. Lanes 3, 9 and 11: irdcroinjection 
of the positive control M30-CAT to monitor enhancer-activated expression of the transgene. Lane 5: noicroinjectkm of 
M30rsns-CAT to monitor enhancer blocking activity of sns. Lanes 4, 10, 12 and 13: mieromiection of reporter plasmids 
carrying, respectively, Asus, Al sns, All sns and AJD ans; only AH sns maintained the ability to attenuate the enhan- 
cer. Lanes 2 and 8: tRNA negative control. Lanes 6, 7 and 14: pBhiescript Hjwn-digested encHabelled DNA markers. 



left the palindrome intact, (All sns) exhibited wild- 
type sns enhancer blocking activity (lane 12). 
Finally, removal of the TC repeats (Al sns) from 
All sns, abolished the ability of sns to affect enhan- 
cer-promoter interaction (lane 10). Altogether, 
these results are consistent with the nuclear protein 
binding sites defined above and indicate that the 
Box A palindrome and the GAGA sites are essen- 



tial for sns to block communication between the 
modulator and the tk promoter. 

Box B is also essential for enhancer 
blocking activity 

The experiments described in the previous sec- 
tions suggest that the enhancer blocking function 
of sns relies on the assembly of protein complexes 
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at the Box A palindrome and at the GAGA sites. 
Because binding of proteins to Box B was also 
detected, we investigated whether these inter- 
actions were also essential for sns activity. Toward 
this end, we performed an in vivo competition 
experiment We have previously used this 
approach to demonstrate that binding of the MBF- 
1 transcription factor to the modulator is required 
for activation of a transgene driven by the histone 
H2A promoter. 31 As indicated in Figure 6, sea 
urchin embryos were injected with the sns-contain- 
ing transgene construct together with increasing 
amounts of Kgated oligonucleotides containing 
either Box B (lanes 3, 4) or the Box A (lane 6) 
sequences. As levels of enhancer-activated trans- 
gene transcripts were similar to those seen with 
M30-CAT plasmid (lane 5), these results demon- 
strate that either oligonucleotide prevented enhan- 
cer blocking (lanes 2,7). Hence, titration of either 
Box A ox Box B binding proteins by injecting their 
target sites impaired the ability of sns to block 
enhancer-promoter interaction. 



Discussion 

Insulators are a new class of genetic elements 
that can modulate the activity of enhancer or other 
regulative sequences. 3 * 5 The few elements identified 
principally in Drosophita and chicken display two 
important characteristics: polarity and directional- 
ity of the effects of insulation of enhancer 
activity. 1 - 2 The former signifies that only enhancers 
located distally from the promoter with respect to 
the site of insertion of the insulator are attenuated 
in the interaction with the promoter. The second 
feature is that insulators do not prevent a blocked 
enhancer from activating transcription from a 
divergent promoter. 3233 Consistently, we have 
shown that sns when placed between two enhan- 
cers, insulated the promoter-distal modulator with- 
out affecting the function of the downstream let 
operator. In addition, sns did not interfere with the 
irons-activating capacity of the modulator in the 
other direction. Taken together, these results rule 
out that insertion of sns between enhancer and pro- 
moter represses enhancer-promoter interaction by 
enhancer inactivation, for example by inducing 
local assembly of a repressive chromatin structure. 

As first shown in DrosophUa, the directional 
enhancer blocking activity of insulator elements 
depends on the assembly of specific DMA-protein 
complexes. The gypsy insulator is perhaps the 
best-studied system with respect to the characteriz- 
ation of protein components that interact with 
insulator DNA. One of these components, the sup- 
pressor of Hairy-wing [su(fiw)] protein, binds to a 
reiterated target sequence 34 and recruits the second 
component, the mod(mdg4) protein 35 that displays 
properties characteristic of trilhorax-group (trxG) 
genes. 36 The BEAF protein binds to the sc^ 
insulator 37 which characterizes a class of chromo- 
somal elements found at many loci. 38 Interestingly, 
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Figure 6. In vivo competition of sns function. Trans- 
genic embryos were obtained by microinjecting the con- 
structs drawn below the fhiorograph with or without an 
excess of either BoxB or BoxA oligonucleotides. Black 
boxes represent the modulator array, the large shaded 
triangle the sns fragment RNase protection experiments 
were carried out with total RNA as described in the 
legend to Figure 5. Lanes 2 and 7: injection of M30-sna- 
CAT; the enhancer is blocked Lanes 3, 4 and & crvinjec- 
□on of M30-sns-CAT and 40-fold (lane 3) or 70-fold 
(lane 4) excess of ligated BoxB oligonucleotide Or 70-fold 
(lane 6) excess of bgated BoxA oligonucleotide relieves 
the block. Lane 5: injection of M30-CAT; enhancer 
activity of the modulator array. Lanes 1 and 9 show rel- 
evant bands of DNA markers- 



seven tandem copies of an oligonucleotide contain- 
ing BEAF binding sites has partial enhancer block- 
ing activity. 37 The capability of the chicken HS4 
insulator to interfere with enhancer-promo ter inter- 
action resides in a 42 bp fragment that contains a 
binding site for the CTCF transcription factor. 39 
Binding of CTCF occurs also to several vertebrate 
insulators and to the unmethylated ICR (imprint- 
ing-control region) that displays enhancer blocking 
activity to control imprinted expression of the Igf2 
gene. 41 Therefore, it is not surprising that the 
directional enhancer blocking activity of sns 
depends on specific DNA-protein interactions. It is 
of some interest that, while the enhancer blocking 
capacity of the gypsy, HS4, and to some extent the 
scs 7 , insulators relies on the recognition of a single 
or a reiterated binding site, sns contains three 
different as-acting elements. Our results strongly 
suggest that all of these are needed to prevent 
enhancer-promoter interaction. In fact, deletion of 
either the Box A palindrome or the 14 TC repeats 
completely impaired sns function. Furthermore, 
microinjection of excess Box A or Box B and very 
recently GAGA (not shown) binding sites relieved 
the inhibition of the modulator in the sns-contairv- 
ing constructs. The most plausible explanation of 
the m vivo competition results is that the excess of 
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binding sites titrated, cither directly or indirectly, 
the factors responsible for the enhancer blocking 
activity. Based on these observations, we speculate 
. that sns achieves directional enhancer blocking 
activity by cooperative interactions between all 
three different DNA binding proteins or protein 
complexes. 

Our results demonstrate that, within Box A, only 
the palindrome is required for enhancer blocking 
activity. Deletion of the 5' most direct repeats, 
upstream of the palindrome, does not impair sns 
function. In agreement with this observation, oligo- 
nucleotides containing the direct repeats failed to 
compete for binding of factors to Box A and did 
not form specific protein-DNA complexes (not 
shown). Of some interest, the palindrome forms a 
Stem-loop RN A structure, highly conserved among 
the non-polyadenylated histone mRNAs, from sea 
urchin, and Drosophila to mammals and represents 
one of the signals recognized by 3' pre-histone 
mRNA processing nwchinery, 30 

A second ris-acting element was identified 
within the pyrixmdine tract that contains seven 
GAGA repeats in the inverted orientation. Based 
upon EMSA analysis, specific protein interactions 
occur at the GAG A sites of sns and presumably at 
GAGA sites located upstream of the H2A modu- 
lator. Because the enhancer blocking activity of sns 
is independent of orientation, 28 it is reasonable^ 
assume that protein(s) related to a Drosophila factor 
which binds GAGA sequences might be involved 
in the mechanism that interrupts the interaction 
between enhancer and promoter in sea urchin. Dro- 
sophila GAGA factor is a DNA binding protein 
involved in chromatin remodelling processes. 4 * 
GAGA factor allevia tes, in combina tion with 
NDRF, the repressive effect of chromatin 43 and 
participates in the assembly of the silencing Poly- 
comb proteins at PRE. 44 Interestingly, binding of 
factors to GAGA sites occurs in the spacer between 
the Drosophila H3 and H4 histone genes, 45 and 
recent evidence indicates a direct involvement of 
GAGA factor in insulator activity. GAGA factor 
binding sites, found at the PRE adjacent to the Fab- 
7 insulator, cooperate with Fab-7 to maintain the 
specific parasegment domain of expression of the 
Abdominal-B gene. 4 * 37 In addition, mutation of 
GAGA sequences within the insulator of the even- 
skipped locus affects directional blocking of the 
iab-5 enhancer. 48 Despite the similarity of the bind- 
ing site and the apparent involvement in insulator 
function, the sea urchin protein differs from the 
Drosophila GAGA factor because a Drosophila poly- 
clonal anti-GAGA.factor antibody failed to super- 
shift the in vitro assembled nuclear protein-DNA 
complex from sea urchin (not shown). The cloning 
of the sea urchin GAGA factor encoding gene 
should clarify whether the Drosophila and sea urch- 
in factors are evolutionary and functionally related. 
One working hypothesis, currently under invests 
garion, is that interactions between the proteins of 
sns and the proteins bound to the GAGA sites of 
the H2A promoter, prevent the H2A enhancer 
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from acting promiscuously to activate transcription 
of heterologous early histone promoters. 

With the exception of the GAGA element, the 
sns insulator sequence motifs are distinct from 
those described for other insulators. However, 
there is some evidence to suggest that these insular 
tor sequences and their binding factors are also 
evolutionarily conserved. Very similar sequences 
are present in equivalent positions in the histone 
H2A transcription unit of the sea urchin Psammcc- 
chznus mUiaris (not shown). In addition, we have 
recently found mat sns can insulate a viral enhan- 
cer upon stable integration in human chromatin 
(unpublished) and that at least two of the ident- 
ified ds-acting insulator sequence elements. Box B 
and TC dinudeotide repeats (Box A did not show 
DNA binding activity in our conditions), interact 
.specifically with human nuclear proteins of two 
different cell types (unpublished results). 

In conclusion, we have extended our previous 
characterization of the sns element by the demon- 
stration that sns acts equivalently to previously 
well-characterized insulators in a number of ways. 
We have now identified cts-acting sequences 
required for directional enhancer blocking activity, 
which may be evolutionarily conserved, and 
include novel sequences. Our studies have signifi- 
cant implications both for the control of early his- 
tone gene regulation in sea urchins, and for more 
general mechanisms of insulator action. In 
addition, these sequences may prove to have prac- 
tical applicability in genetic, engineering situations 
where insulator action might be beneficial. 

Materials and Methods 

Construction ot plaamids 

Plasmids, schematically drawn in Figure 2, were 
obtained as follows. Plasmid A mat expresses the tTA 
activator, was constructed by the substitution of the 
CMV promoter of the pUHD 151 vector 39 with a frag- 
ment containing an array of the modulator sequences 
and the tk promoter. The pUHD 15.1 plasmid was 
digested with Xhol and XbaJ simultaneously, filled in 
and ligated with a blunt ended DNA fragment contain- 
ing the modulator sequences. Plasmid 1 that expresses 
the CAT gene under the control of the tet operator and 
the CMV promoter, was constructed by cloning the tet 
operator and the CMV promoter from the pUHD 103 
plasmid 4 * into the Xhol restriction site of the pBl^CAlB 
vector, 50 Plasmid 3 that expresses the CAT gene under 
the control of two enhancers, the tet operator and the 
modulator, was obtained by donmg the 180 bp HindHI- 
Xbal DNA fragment containing the modulator repeats, 
derived from M30-CAT, in the HmdllloaK^igested 
plasmid 1. In construct 2, the Hfndlll-Xfeel DNA frag- 
ment containing sns was cloned into plasmid 3 between 
let operator and the modulator sequences. The EGFP 
gene (Ckmtech) fused to the fit promoter was darted in 
inverted orientation upstream the modulator of plasmid 
% to generate the construct containing the two divergent 
transcription units (plasmid 4). To generate the plasmid 
M30-CAT an array of the H2A rroxru la tor /enhancer 
sequences was cloned into the Sail site upstream of the 
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tk promoter of the pBL-CAT3 vector. To obtain the plas- 
xnid M30-sns-CAT, sns was inserted, into the Xbal site of 
' M30-CAT> between the modulator and the tk promoter. 
The sns fragment was isolated by HpctU and Sai&A 
restriction enzyme digestion of the Sod subclone of 
the PH7D historic DMA. 21 The Asns, Al sns. All ens and 
AID sns deletion fragments were obtained from sns by 
restriction enzyme digestion or PGR amplification. These 
fragments, were cloned respectively in the Xbri and 
BamHl restriction sites-located in the poly linker between 
the modulator and the tk promoter of the M30-CAT. The 
plasmids used for the ENase protection experiments/ 
H2A-INSERT-CAT and GFP, were obtained as follows. 
The former contains a 258 bp pUC fragment inserted 
between the H2A promoter and a CAT coding subregion 
as described* 23 The latter bears a 344 bp fragment of the 
EGFPgene. . 



DNa«e I protection and electrophoretic mobility 
shift assays 

Sense and anhsense sns cnd'labelled fragments, span- 
ning the region between nucleotides 2 and 157, were 
obtained by PCR. BSA or nuclear extracts from P. Iwidus 
embryos, prepared as described, 51 were premcubated 
with 10 ug of pofy (dA-dT) - (dA^dT) in 50 ul of 10 mM 
Hepes (pH 7.9), 60 mM KCl> 1 mM OTT, 1 mM EDTAi 
8 % (v/v) gjycerol for five minutes before the addition of 
the labelled fragments. After 20 minutes incubation, 
samples were digested with 5 ug of DNase I in 23 mM 
MgOi for three to five minutes at 4°Q phenol extracted 
and loaded on 8% (w/v) denaturing polyacrylamide 
gels. In EMSA experiments, three different $n$ probes 
were assayed for binding activity in vitro: Box A, Box B 
double-stranded oligonucleotides (see next paragraph for 
Sequences) and the C + T containing sub fragment (span- 
ning nucleotide* 137 and 262) obtained by PCR. 1 ng of 
end labelled Box A , Box B and C + T probes were incu- 
bated, for 30 minutes on ice, with 5 ug of nuclear 
extracts from sea urchin embryos at gastmla stage and 
2 pg of poly(dI-dQ (dMQ in 20 ul of 10 mM Hepes 
(pH 7.9), 60 mM KC1, 1 mM OTT, 1 mM EDTA, 4% 
Fieoll. In the Competition experiments, unlabeUed hom- 
ologous or heterologous probes in the amounts described 
in the legend to Figure 4 were added to the preincu- 
bation mixture prior to the addition of the extracts. 
Binding reactions were run on non-denaturing polyacryl- 
amide gels in 50 mM Tris, 50 mM I-LBO, and 2 mM 
EDTA (pH $.3). 



List of oligonucleotides 

Only the sense strand is reported. Residues of the fol- 
lowing oligos refer to the first nucleotide of the sns 
sequence shown in Figure 3 (accession number Y09062V 
Box A: OWVACCTCAACACCTC^CGGCXICrrATCA- 
GGGCCACCA (spanning nucleotides 32 to 70); Box B: 
AGTCTGTGTAATTCATAAT AGT CTCTGTAATTC AT A 
AT (spanning nucleotides 90 to 127); DJfc CAAACCT- 
CAACACCTCAAC (spanning nucleotides 32 to 51); JR.- 
CTCAACCGCCCTTATCAGGCCCACCAA (spanning 
nucleotides 4$ to 71); fIX^14;CCTCTCTCiXnTCrcrCT 
CTCrCTCTCTCnrTGTCT (sinning nucleotides 200 to 
234). The GAGA oligonucleotide, GGGAGGGAGAGA- 
GAGaGaGagaga, spans nucleotides -200 to —177 
from the transcription starting sire of the H2A promoter. 



Microinjection and transgene expression 

Plasmids were linearized with HindlA ox Gal restric- 
tion enzymes whose sites are located in the polylmker 
regions, & and 2t to the GAT sequence, respectively, lin- 
earized plasmids were brought to a total concentration 
of 240 ug/ml with threefold excess of HmdlD-digested 
P. Umdu$ sperm DNA of roughly. 5 kb. Urifertilized eggs 
from a mature female were dejefiied inpH 5,0 sea water, 
irrnnobiKzed oh Petri dishes with 1 % (w/v) protamine 
sulfate and injected into the cytoplasm with 1-2 pi DNA 
in 25% glycerol solution. Microinjected eggs, were ferti- 
lized and embryos raised up to the eady gastrula stage 
(14 hours development). 3000 uninfected embryos at the 
same ckveloprnental stage were then added as carrier, 
and embryos collected by low speed centzifugation. 
Total RN A was extracted by one hour incubation at 
55 *C in a solution containing 200 ug/ml Proteinase K 
and phenol extraction- Nucleic add samples were 
digested with RNase-free DNase 1, and RNA from 50 
microinjected embryos was hybridized with pFjUIP- 
labeWed anusense CAT or EGFP FN A transcribed in vitro 
from the H2A^pacer-CAT and GFP plasmids. Hybridis- 
ation conditions, RNase digestion and gel fractionation 
of the RNase-resistant hybrids were as previously 
described. 5 * 
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